The objective is to characterize the effect of the microstructure of the micro pores inside the matrix on the mechanical properties of the thermoplastic syntactic polypropylene (PP) foams at the intermediate and high strain rates. Tensile tests are conducted at the nominal strain rates from 3 x 10 -1 to 10 2 s -1 . In addition, the dart impact tests are conducted at the impact velocities of 0.1, 1 and 10 m/s. Then, the constitutive law with craze evolution is modified by introducing the relative density, the stress concentration coefficient and the volume fraction of cell edge, and then applied to the dart impact test mode for simulating the macroscopic load displacement history of the dart impact process. Moreover, the microstructural finite element analysis is conducted to characterize the local stress states in the microstructure. In the tensile loading, the elastic modulus is not influenced by the shape of the micro pores in the PP matrix while the yield stress and the strain energy up to failure are relatively influenced by the shape of micro pores. The microstructural finite element analysis shows that the magnitudes of the localized stresses at the edges and the ligaments of the elliptical-shape micro pores are larger than those at the spherical micro pores, leading to the early yielding and the small material ductility. In the case of the dart impact loading, the microstructure of pores has strong effect on the absorbed energy. This is because the elliptical-shape micro pores are very sensitive to the shear deformation, which is revealed by the microstructural finite element analysis. The modified constitutive law with the stress concentration coefficient and the volume fraction of the cell edges successfully predicts the load-displacement curve of the dart impact loading in the spherical micro-porous PP foam. It is concluded that the micro porous shape has strong effect on the material ductility especially in the dart impact test, leading to the possibility to control the material ductility by the shape of the micro pores in the polymeric foams.
Introduction
The lighter but safer structures are needed for economy, environment and functionality especially for various automotive applications, leading to the increasing usages of aluminum alloys and fiber reinforced plastics in load-carrying structures and safety components of automotives. These concepts aim that the weight of automotive is reduced and thus the energy consumption and emissions to the environment are brought down. The mechanical properties of such structural materials as cast aluminum alloys and aluminum extrusions were characterized in the previous studies.
(1)- (4) The same concern can be applied to the interior and exterior automotive parts such as instrument panels, interior door panels and bumper faces, which are made by polymers. Then, many researches were conducted for improving the mechanical properties of polymeric materials.
(5)- (14) Lately, syntactic polymer foams are being used to replace the traditional polymer bulk components for weight reduction. Syntactic polymer foams consist of pores and a matrix polymer material. The spherical pores are usually made by mixing microballoons or foaming gases. For more detailed introduction to the syntactic foams, see Shutov (15) , Lawrence and Pyrz (16) and Whinnery et al. (17) .
In the automotive applications, the thermoplastic polymer syntactic foams are believed to have many advantages because the usual commercial extruders or injection molding machines are applicable for producing them. The studies about mechanical properties of thermoplastic polymer syntactic foams are very few. According to the limited number of literatures describing their mechanical properties, Lawrence and Pyrz (16) determined and compared the viscoplastic properties of polyethylene syntactic foams made from polyethylene and approximately 40 volume percent of polymer microballoons. However, the mechanical properties at the intermediate and high strain rates were not understood comprehensively. The literature about the effect of strain rate on the mechanical properties of thermoplastic polymer syntactic foams is limited to the macroscopic strain rate effect on the compressive mechanical properties. (18) (19) (20) It is expected that the local strain rate in the heterogeneous microstructure is not uniform. Therefore, it is necessary to study if the polymer syntactic foams can be evaluated by macroscopic strain rates such as aluminum foams because polymer shows the strong strain rate dependency. Those properties are important to design and use them for automotive application, especially for impact energy absorbers as well as weight reduction. Then the local strain rate effect on the mechanical properties of the thermoplastic syntactic foams at the intermediate and high strain rates were characterized by the same authors. (21) These studies were based on the syntactic polymer foams which had the spherical pores in the matrix. If the spherical pores inside the matrix are not spherical shape but the ellipsoid or slit-like shapes, it is considered that the local stress states can be different from those of the syntactic foams with the spherical-shape polymer microballoons.
In the practical applications, the impact tensile test results are used for the finite element (FE) analysis in designing the neat polymeric automotive components. (22) Thus, it is interesting to investigate whether the micro porous polymeric materials can be simulated by the same numerical technique as that used for neat polymeric materials, which will be the useful information for the future developments of micro porous polymeric components in the automotive applications. Therefore, it is important to understand the effect of the shape of micro pores inside the matrix on the macroscopic mechanical properties such as the stiffness and the absorbed energy. Then, the objective of this study is to characterize the effect of the micro porous shape inside the matrix on the mechanical properties of the thermoplastic syntactic foams at the intermediate and high strain rates. The syntactic foams in the present research are two types. One consists of elastically deformable microballoons in a polypropylene (PP) matrix, leading to the spherical-shape holes in the PP matrix. The other is made by the super critical fluid (SCF) gas foaming. Both of them are thin sheet made by the injection molding process because the target final application is the interior or exterior automotive components. The microballoons expand during the injection molding because the liquid isobutene is inside the microballoon and it thermally expands during injection process. On the other hand, the SCF gas foaming makes the spherical pores in the middle layer of the thickness while the elliptical-shape holes are made in the outer layer of the thickness direction because of the effect of the shear flow between the melting polymer and the molder during injection process.
In the present study, two different porous sizes are prepared in each type of syntactic PP foam, leading to totally four types of syntactic PP foams. In addition, neat PPs are also prepared for references in both injection machines in this study. All syntactic foams are 10 volume percent of micro pores in the PP matrix. Two neat PPs are made by the same injection machines as those used for preparing the syntactic foams because the injection machine for microballoon blended PP is different from that for SCF gas foaming PP. Then, tensile tests are conducted at the nominal strain rates ranged from 3 x 10 -1 to 10 2 s -1 . Elastic modulus, yield stress, rupture strain and strain energy up to failure are measured and the fracture surfaces are observed with Scanning Electron Microscopy (SEM). In addition, the dart impact tests are conducted at the impact velocities of 0.1, 1 and 10 m/s because it is considered that the applied deformation mechanism is similar to the practical case of the polymeric components in the automotive applications. Moreover, the FE analyses are conducted on the dart impact test mode for simulating the effect of micro pores on the macroscopic load displacement history of the dart impact process by introducing the relative density, the stress concentration coefficient, and the volume fraction of cell edge, to Shizawa constitutive model (23) - (26) modified by the same authors in the previous study (22) , (27) while the applicability of the FE analysis is studied for the micro porous polymeric materials. In addition, the microstructural FE analysis is also conducted in order to characterize the local stress states in the microstrctures of the syntactic PP foams. Finally, the effects of the micro porous shapes on the tensile mechanical properties and the dart impact properties are discussed.
Experiments

Materials
The matrix PP material was the elastomer blended PP where ethylene propylene rubber (EPR) was blended at 30 weight percentage. The mechanical properties of tensile and dart impact tests were characterized on the present material in the previous study. (24) , (25) The microballoons were Expancel grade 950-80 (Akzo Nobel) for the small diameter and 950-120 (Akzo Nobel) for the large diameter. The material of microballoon shell was made of polymethyl methacrylate (PMMA). The microballoon was mixed with the pellet of matrix polypropylene at dry condition. Then, the mixed pellet was melted and injected into the molder. The injecting temperature was kept at 200 o C during manufacturing process.
The processing temperature and injecting pressure were kept similar for two types of microballoon blend polypropylene and the neat polypropylene. The other syntactic foam made by the SCF foaming was perchased from the supplier (Prime Polymer, Japan). In SCF foam processing, the CO 2 cylinder was connected to the cylinder of the melt-mixing extruder. The PP melt was saturated with CO 2 at a predetermined foaming temperature and pressure. After the complete solubilization of the gas in the PP melt was reached, the gas-mixed PP melt was injected to the molder. The detail of SCF foaming can be found elsewhere. (28) - (30) The matrix PP blend used for SCF foaming was the same as that for microballoon blends. Both blends were injection molded to the rectangular plate whose geometry was 150 x 150 x 3 mm 3 . All tensile specimens were cut out of the plates such that the tensile direction was the same as the injection direction. The dart impact test specimen was the same as the injected rectangular plate. The microstructures of both foams were observed with Confocal Laser Microscope (CLM) after cutting the specimen by diamond cutter after cooling enough. Figure 1 shows the upper-half cross sections taken by CLM of four different syntactic foams. As shown clearly, the micro pores were not located in the outer layer of the thickness direction but located in the central layer of the thickness direction. In addition, the microballoon blended PP showed the spherical-shape pores while the SCF PP foam showed the elliptical-shape pores. The range of the diameters of the micro pores in the microballoon blended PP is shown in Table 1 while the pore sizes of the SCF PP foam were not measured because they were far from the spherical shape. In this study, the microballoon blended PPs were named as Balloon 80 and 120, respectively, and the SCF gas foaming PPs as Gas 50 and 250, respectively.
Test Methods
ASTM dumbbell shape (parallel portion width 4.8 mm) micro tensile test specimens were used for measuring the strain rate dependent stress strain relationship (ASTM D1708). Figure 2 shows the geometry of the test specimen. The thickness of test specimen was 3 mm.
This study used a servo-hydraulic high-speed impact test apparatus (Shimazu EHF U2H-20L: maximum tensile speed 15 m/s) to obtain mechanical characteristics under medium to high speed deformation. Strain rate is the nominal value calculated by the initial clamping distance of the test specimen which is 22.2 mm. The nominal strain rate ranged from 0.3 to 100 s -1 . After tensile tests, the fracture surfaces were observed with FE-SEM (HITACHI S-4300SE/N) to identify the fracture mechanism at the nominal strain rates of 0.3 and 100 s -1 . With the same test apparatus as the tensile test, the dart impact test was conducted as shown in Fig. 3 . The impact velocities were 0.1, 1 and 10 m/s. The diameter of the dart was 12.7 mm. The test specimen was a square plate of dimensions 150 x 150 x 3 mm and was clamped by the square plate which had the 76 mm diameter hole. After dart impact tests, the macroscopic deformation patterns around the dart penetration area were observed with Optical Microscope (OM). 
Numerical Procedure
In the previous study, an elastoviscoplastic constitutive law with craze nucleation and growth (23) (24) (25) (26) was applied to the dumbbell-shape tensile test, notched tensile test and dart impact test. (22) , (27) For simulating the macroscopic mechanical behaviors in the syntactic polymer foams such as the load-displacement histories of dart impact test mode, the relative-density terms are introduced to the constitutive law in the present study. According to the predictions of the theory for conventional foams (31) , the tensile modulus of most closed-cell foams can be related to its density (1) where E foam and E neat are the moduli of the foamed and unfoamed polymers, respectively, and ρ foam and ρ neat are the densities of the foamed and unfoamed polymers, respectively. φ is the fraction of solid in the cell struts. The good approximation for φ is given in the following equation; (31) ( 2) where t e and l are the thickness and the length of the cell edges, respectively. In the case of the tensile yield stress, the relative yield stress is given in the following equation; (31) - (34) ( 3) where σ yfoam and σ yneat are the yield stresses of the foamed and unfoamed polymers, respectively. Then, the strain hardening equation with strain rate dependent coefficient m is modified in the following equations; 
where is the equivalent plastic strain rate, is the reference strain rate, is the equivalent stress, is the flow stress, is the reference stress of neat PP, is the reference strain at which the second hardening begins. k 1 -k 3 are material constants. H e (x) is the following step function.
(at x>0) , 0 (at x<0). (6) In the criterion of the craze generation, it is assumed that the stress states of syntactic foam would be influenced by only one circular pore for simplicity although it is expected that the stress interaction could occur among several pores. Then, the craze generation based on the hydrostatic stress criterion can be modified as Eq. (7); ,
in which b σ is the stress needed for fibril orientation, m σ is the hydrostatic stress, 1 σ -3 σ are the principal stresses, α is the stress concentration coefficient caused by the micro pores, A 1 and B 1 are material constants. In this study, it was assumed that the micro pore was approximated as the hole in the infinite plate for simplicity in order to modify the hydrostatic stress criterion of the craze generation.
The craze evolution equation is proposed in the following equation; (26) , 
where q 1 -q 3 are material constants. The first part of Eq. (8) means craze evolution and the second one means the craze creation and growth. c ε is the strain at which the craze stops growing. (26) The phenomenological softening law based on craze density is defined as Eq.
(10); , (10) where w 2 is the craze density at which the softening effect starts being activated and w 3 is the softening parameter. (27) This softening law is multiplied by the flow stress Eq.(4) during each calculation step. The three-dimensional FE model was constructed for the dart impact test as shown in Fig. 4 . The impact velocity was 10 m/s in the z direction. Similar to the experiment, the impacting dart was controlled by constant velocities in FE analysis. The axial load and the craze density distribution were obtained by FE analysis. The material parameters for the matrix identified in the previous study (27) are shown in Table 2 with the new parameter of the relative density. The additional material parameters such as the stress concentration coefficient and the fraction of solid in the cell struts were determined based on the morphological pictures. In the case of the microballoon blended PP, α was set as 3 for simplicity because the stress concentration for the infinite plate with a circular hole is 3. In the case of the SCF gas foaming PP, α was calculated by measuring the mean lengths of the long axis and the short axis of the elliptical pores leading to α = 7 approximately. The volume fraction of cell edges were set as 0.6 for the microballoon blended PP foams and 0.9 for the SCF gas foaming PP foams by measuring the mean thickness and length of the cell edges based on the morphological pictures for simplicity. In our previous study, (21) the relative elastic moduli of the microballoon blended PP at the relative densities ranging from 0.5 to 0.9 were approximated by Eq.(2), leading to φ = 0.54 at the nominal strain rate of 50 s -1 and φ = 0.62 at the nominal strain rate of 10 2 s -1 . Thus, it is considered that the volume
fractions of cell edges approximated in this study are reasonable values.
In addition to the dart impact test simulated by the above mentioned constitutive law, the microstructural finite element analysis was conducted. In this analysis, the visco plastic constitutive law in which the experimentally obtained stress strain curves at various strain rates were tabulated was used to estimate the local stress states which were expected to change according to the microstructures. Figure 5 shows the input true stress strain curve of the matrix PP at the strain rates ranging from 10 -4 to 10 2 s -1 obtained in the previous study. (27) In the microstructural simulation, the rupture was not considered, which meant that the input stress strain curves were extrapolated for the infinite rupture strain. Based on the CLM pictures taken on the cross section before the tensile test as shown in Fig. 1 , two dimensional plane strain models were developed by using OOF software.
(35) Figure 6 shows the FE mesh models of four types of syntactic PP foams. The mesh size was 6 µm for all blends except for the boundaries of pores. The mesh dependency was checked by constructing more fine meshes around the pores. The more fine meshes did not change the stress distribution drastically and the relative relationships of the magnitude of stress components among four types of PP foams. Thus, it was considered that the present mesh models should be reasonable for comparing the stress distributions among all syntactic PP foams in this study. The boundary conditions are shown in Fig. 7 . The symmetrical boundary condition was not assumed in the pure shear deformation but it was assumed in the simulation of tensile deformation. The applied deformation rate was 6. 623 Figure 5 Tensile stress strain curves of neat PP Figure 6 Microstructural FE models Figure 7 Boundary conditions for microstructural FE analysis Figure 8 shows the typical nominal stress strain curves at the nominal strain rate of 10 s -1
Results and Discussions
Experimental Results: Tensile Test
. The flow stress and rupture strain decreased drastically once the micro pores were embedded inside the materials, regardless of the foaming types. Figure 9 shows the relationship between the apparent elastic modulus and the nominal tensile strain rate of various PP foams. Tensile tests under each condition were conducted three times. The mean values calculated by three measurement data are plotted in Fig. 9 . In this study, the microballoon blended PP has three phases which are pores, microballoon's shell and matrix (polypropylene). Thus, it is necessary to investigate the effect of the stiffness of the microballoon's shell on the macroscopic stiffness. When it is assumed that all blended microballoon is completely spherical shape, it is estimated that the volume percentage of the microballoon shell is only about 0.08 % at the 10 vol % of micro pores in the matrix. Note that the elastic modulus of microballoon shell is approximated as 2 GPa. Based on the mixing rule, the effect of the elastic modulus of microballoon shell on the macroscopic elastic modulus in the present syntactic foam is negligible. Thus, it can be assumed that the microballoon blended polypropylene consists of the pores and the matrix for simple calculation in this study. As shown clearly in Fig. 9 , the apparent elastic modulus increased as the nominal strain rate went up. Based on the results of two types of neat PP, it is considered that the ductile-brittle transition would occur at the nominal strain rates between 10 and 50 s -1
. This ductile-brittle transition did not change even though the micro pores were added into the PP matrix as shown in Fig. 9 . The difference of the relationship of the apparent elastic modulus and the nominal strain rate was small between the microballoon blended PP (Balloon 80 and 120) and the SCF gas foaming PP (Gas 50 and 250). This is because the volume percentage of pores in the PP matrix is the same among all blends. Figure 9 Apparent elastic modulus vs. nominal strain rate Figure 10 shows the yield stress plotted against the nominal strain rate. The yielding of polymeric materials is very complex. The local damages such as polymer chain scission, micro crazing and so on could occur even in apparent elastic region on the stress-strain curve. Therefore, from a macroscopic point of view, the yield stress was defined as the maximum nominal stress in the stress-strain curve. In the same manner as Fig. 9 , the yield stress increased slightly as the nominal strain rate increased. However, the ductile-brittle transition was not observed in the case of yield stress at the nominal strain rates ranging from 0.3 to 10 2 s -1
. The interesting result here is that the decrease of the yield stress by adding the micro pores in the PP matrix was different between the microballoon blended PP and the SCF gas foaming PP. The decrease of the yield stress in the SCF gas foaming PP was larger than that in the microballoon blended PP. It is considered that the microstructural difference should make such differences. On the other hand, the yield stress was similar in the same group such as the microballoon blended PP (Balloon 80 vs. 120) and the SCF gas foaming PP (Gas 50 vs. 250). The more detailed study will be discussed in the section of numerical simulation results. Figures 11 and 12 show the nominal rupture strain and the strain energy up to failure plotted against the nominal strain rate. The trend was similar between Figs. 11 and 12. The rupture strain decreased as the nominal strain rate increased. The decreases of the rupture strain by adding the micro pores in the matrix material in the microballoon blended PP were smaller than those in the SCF gas foaming PP. In addition, the difference of the rupture strain between the microballoon blended PP and the SCF gas foaming PP got smaller as the nominal strain rate increased. It is considered that the fracture mechanisms would shift from ductile mode to brittle mode, leading to the similar rupture strain among all blends. This will be validated in the fractographic analysis. It is noticeable that the rupture strain of Balloon 120 was smaller than that of Balloon 80. The Balloon 120 showed the similar material ductility to the Gas 50 and 250. It is expected that the microstructural difference would play an important role in such a material ductility. This will be discussed in the section of numerical analyses. Gas 50
Gas 250
Neat Gas PP Balloon 80
Balloon 120
Neat Balloon PP Figure 13 shows the typical load displacement histories of the dart impact test at the impact velocity of 10 m/s. As shown clearly, the load-displacement curves were similar among all specimens. The fracture displacement of the SCF gas foaming PP was smaller than that of the microballoon blended PP. Figure 14 shows the maximum load plotted against the impact velocity in all samples. The maximum load increased as the impact velocity increased. The maximum load was similar between two neat PPs. The differences of the maximum load were quite small between the same types of foams (the microballoon blended PP and the SCF gas foaming PP). This trend is similar to that of the yield stress obtained in the tensile tests. Figure 15 shows the relationship between the absorbed energy up to failure and the impact velocity. The absorbed energy of the neat PPs increased as the impact velocity increased. On the contrary, the absorbed energy was kept constant in all PP foams while the maximum load increased as the impact velocity went up. In the same manner as Fig. 14 , the difference of the absorbed energy was quite small within the PP foams manufactured by the same process. It is noted that the absorbed energy of the SCF gas foaming PP decreased drastically by adding the micro pores in the PP matrix, compared to the case of the microballoon blended PP. The experimental result of the absorbed energy was different from the results obtained in the tensile tests. In the tensile tests, the strain energy up to failure of Balloon 120 was similar to the strain energy of Gas 50 and 250. It is considered that the deformation mechanism of dart impact test would be different from that of tensile test, leading to the different trend of the absorbed energy. The detailed analysis will be discussed in the results of the microstructural FE simulation. Gas 250
Experimental Results: Dart Impact Test
Neat Balloon PP Figure 15 Absorbed energy vs. impact velocities
Fractographic Analyses
To better understand the fracture mechanism of the present PP foams under the low and high strain rates, the fracture surface of each tensile specimen was examined with SEM. Some of the SEM pictures are selectively presented in this paper. In addition, the fractured specimen after the dart impact tests was observed by OM. Figures 16 show the fracture surfaces of the tensile specimen at the nominal strain rate of 0.3 and 10 2 s -1
. These SEM pictures were low magnified pictures so that the upper half of the thickness direction could be captured in one picture. As shown clearly, the PP matrix between micro pores was highly elongated in both microballoon blended PP and the SCF gas foaming PP, leading to the ductile failure mechanism at the nominal strain rate of 0.3 s -1 . On the contrary, the smooth fracture surfaces were obtained at the nominal strain rate of 10 2 s -1 in all the syntactic foams. It is considered that the micro pores would work as the crack initiation site at the high strain rate in all the PP foams. At the low strain rate, the molecules can begin to untangle and relax, leading to the ductile fracture mechanism. However, the high strain rate loading does not give enough time for molecules to untangle and relax, leading to the brittle fracture. This ductile brittle transition can be found in the apparent elastic modulus as shown in Fig. 9 . Based on the relationship between the apparent elastic modulus and the strain rate, it is expected that the ductile brittle transition nominal strain rate should range between 10 and 10 2 s -1 in the present neat PP. 
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(b) At nominal strain rate of 10 2 s -1 Figure 16 Fracture surfaces of tensile test specimens Figures 17 and 18 show the OM pictures of the upper and lower surfaces of the fractured specimen of the dart impact tests at the impact velocities of 0.1 and 10 m/s, respectively. In neat PPs, the ductile fracture was the dominant mechanism at the impact velocities of 0.1 and 10 m/s. The crazes, which were typical ductile fracture mechanisms of PP, were observed. On the contrary, all the PP foams showed the ductile fracture mode at the impact velocity of 0.1 m/s only. At the impact velocity of 10 m/s, the crazes were partially observed around the dome-shape area but they were not observed along the dart-penetration area. It is considered that the craze would be localized without the large plastic deformation leading to the brittle fracture in both syntactic PP foams (Gas and Balloon) while the large plastic deformation occurred in both neat PPs along the boundary of the dart penetration at the impact velocity of 10 m/s. Figure 19 shows the snapshots of the deformation process of neat PP with the craze density distribution during the dart impact process at the impact velocity of 10 m/s. As the dart displacement increased, the craze density increased around the dart penetrating area. In addition, the deformation was localized at the dart contact area when the dart displacement was 15 mm. Figures 20 and 21 show the equivalent plastic strain rate and the stress states of the upper surface of the dart specimen at the location of x = y = 1.6 mm plotted against the displacement of the dart. As shown clearly, the mean equivalent plastic strain rate was approximately 10 2 s -1 during the dart impact process at the impact velocity of 10 m/s. Thus, for simplicity, the applied nominal strain rate was set as 10 2 s -1 for the microstructural FE analysis. During the dart impact process, the compressive in-plane stress was applied and then the compressive and shear out-plane stresses were applied after contacting to the dart surface at the location of x = y = 1.6 mm. As the dart displacement increased, the in-plane tensile stress and out-plane shear stress were the dominant stress components. Figures 22 shows the simulated load-displacement histories of the neat PP and the syntactic PP foams at the dart impact test mode. As shown clearly, the simulated load-displacement history of neat PP was good agreement with the experimental result. In addition, the simulation result for the microballoon blended PP foam was also good agreement with the experimental results of the microballoon blended PPs (Balloon 80 and 120). In the SCF PP foams (SCF 50 and 250), the simulated load was relatively good agreement with the experimental result but the load softening needed to be improved. It is considered that the more detailed geometrical modeling would be needed for the non-uniform micro porous structures such as the elliptical-shape pores. This will be the future study. The present numerical result also indicates that the difference of the load-displacement history between the microballoon blended PP and the SCF PP foam would be caused by the different shape of the micro pores in PP matrix. Then, the microstructural aspects were investigated by conducting the microstructural FE analysis as described in the next section. Figure 23 shows the simulated equivalent stress distributions at the nominal strain rate of 10 2 s -1
Numerical Results: Dart Impact Simulation
Numerical Results: Microstructural Simulation
, where the macroscopic nominal tensile strain was 0.03. It is observed that the localized equivalent stress for the SCF gas foaming PP is larger, compared to that for the microballoon blended PP. In addition, the area of the high equivalent stress of the SCF gas foaming PP is larger than that for the microballoon blended PP. It is considered that this difference should delay the yielding of the microballoon blended PP, leading to the larger macroscopic yield stress than the SCF gas foaming PP in the tensile test. Figure 24 shows the equivalent stress distributions at the nominal strain rate of 10 2 s -1
, where the macroscopic nominal strain was 0.15. As shown clearly in Fig. 24 , the area of stress localization was larger in the case of the SCF gas foaming PP than the microballoon blended PP. Especially, the stress was localized at the ligaments between the long elliptical-shape micro pores in Gas 50 and 250. It is expected that the column like ligament would be broken in the case of the SCF gas foaming PP. On the contrary, the equivalent stress was uniform in the PP matrix, except for the narrow ligament between large balloons in the case of Balloon 120, leading to the smaller material ductility than that of Balloon 80. This trend is similar to the experimental results as shown in Figs. 11 and 12. . As shown clearly, the stress was concentrated at both edges of the elliptical-shape micro pores in the cases of Gas 50 and 250. On the contrary, the area and the magnitude of the localized stresses were small in the microballoon blended PP, leading to the larger absorbed energy of the dart impact test mode in the case of the microballoon blended PP, compared to that of the SCF gas foaming PP. In addition, the magnitude of the localized stress was similar in the same type of PP foams (Gas 50 vs. Gas 250 and Balloon 80 vs. Balloon 250), leading to the similar absorbed energy within the same type of PP foams at the dart impact test. Thus, it is considered that the different local stress distribution caused by the shape of the micro pores leaded the different absorbed energy at the dart impact tests (Gas specimens vs. Balloon specimens). 
Effect of Micro Porous Shape on Mechanical Properties
As a summary of obtained mechanical properties, the apparent elastic modulus and the strain energy up to failure were normalized by those of neat PPs. The elastic modulus and the strain energy up to failure were normalized by the mean elastic modulus and the strain energy of neat PPs. Figure 26 shows the relative elastic modulus plotted against the relative strain energy up to failure in the tensile tests. The relative apparent elastic modulus was the same between the microballoon blended PP and the SCF gas foaming PP. On the contrary, the relative strain energy up to failure of the microballoon blended PP was a little larger than that of the SCF gas foaming PP. However, the variation of the relative strain energy up to failure was broad in the microballoon blended PP. Thus, it is considered that the difference of the shape of the micro pores should not have a significant effect on the macroscopic mechanical properties under the tensile loading condition. Figure 27 shows the relative maximum load plotted against the relative absorbed energy up to failure in the dart impact test. The relative maximum load of the microballoon blended PP was a little larger than that of the SCF gas foaming PP. On the contrary, the significant difference was obtained in the relative absorbed energy up to failure of the dart impact tests. The relative absorbed energy up to failure of the microballoon blended PP was about 1.4 times as large as that of the SCF gas foaming PP. This is because the stress is localized at the edges of the elliptical-shape micro porous structure in the SCF gas foaming PP, especially under the shear deformation. However, the edges of the elliptical-shape micro pores were not the stress concentration cite under tensile loading, according to the microstructural FE analysis. Thus, it is considered that the shape of the micro pores in the PP matrix should have strong effect on the dart impact loading case only. 
Conclusion
The effect of the microstructure of the pores inside the matrix on the mechanical properties of the thermoplastic syntactic PP foams at the intermediate and high strain rates was characterized. In addition, the constitutive law with craze evolution was modified by introducing the relative density, the stress concentration coefficient and the volume fraction of cell edge of the pore for predicting the mechanical behavior of the syntactic PP foams. The followings are the conclusion of this study: 1. In the tensile loading, the apparent elastic modulus was not influenced by the shape of the micro pores in the PP matrix while the macroscopic yield stress and the strain energy up to failure were relatively influenced by the shape of micro pores. The microstructural finite element analyses showed that the magnitude of the localized stresses at the edges and the ligaments of the elliptical-shape micro pores was larger than that of the spherical micro pores, leading to the early yielding and less material ductility. 2. In the case of the dart impact loading, the microstrure of pores had strong effect on the absorbed energy. This is because the elliptical-shape micro pores were very sensitive to the shear deformation, which was revealed by the microstructural finite element analyses. 3. The constitutive law with craze evolution was modified by introducing the relative density, the stress concentration coefficient and the volume fraction of cell edge. The modified constitutive law successfully predicted the load-displacement relationship of the dart impact loading in the microballoon blended PP foam while that of the SCF gas foaming PP was to be further explored for improving the modeling. It was investigated that the present constitutive law could predict the load-displacement histories of the spherical-shape micro porous PP foams at the dart impact loading. 4. It was concluded that the micro porous shape had strong effect on the material ductility especially under dart impact loading, leading to the possibility to control the material ductility by the shape of the micro pores in the polymeric foams. The polymer based syntactic foam has an advantage in light weight, low cost and good productivity for the applications not only in automobile but also in any other field, such as airplane, mobile computers, packaging and so on. Therefore, more detailed studied are encouraged. Especially, the relations between the three-dimensional shape of the micro pores and global mechanical behaviors in such heterogeneous microstructures are left as future works.
